ABSTRACT Sequencing of single genes remains an important tool that allows for rapid 14 classification of bacteria. Sequencing of a portion of sigB, which encodes a stress responsive 15 alternative sigma factor, has emerged as a commonly used molecular tool for initial 16 characterization of diverse Listeria isolates. In this study, evolutionary approaches were used to 17 assess the validity of sigB allelic typing for Listeria. contributed to the evolution of sigB, confirming its genetic stability. The molecular clock test 22 provided evidence for unequal evolution rates across clades; L. welshimeri displayed the lowest 23 sigB diversity and was the only species in which sigB evolved in a clocklike manner, implying a 24 unique natural history. Among the four L. monocytogenes lineages, sigB evolution followed a 25 molecular clock only in lineage IV. Moreover, sigB displayed a significant negative Tajima's D 26 value in lineage II, suggesting a recent population bottleneck followed by lineage expansion. 27
Within the phylogenetic lineages of L. monocytogenes, lineage II showed highest level of 129 polymorphism, while lineage III had the highest nucleotide diversity (Table 1 ). There were no 130 apparent differences in sigB G+C content among L. monocytogenes lineages. Across all Listeria 131 s.s., within each individual Listeria s.s. species, and within each L. monocytogenes lineage, there 132 were more synonymous mutations than nonsynonymous mutations (Table 1) . 133
The data set containing all 4,280 representing all Listeria s.s. isolates yielded a positive 134
Tajima's D of 1 In both events, L. innocua AT 139 was identified as the minor parental sequence, and L. innocua8 sequences as they were detected by both RDP4 and PHI test. However, since only recombination 152 events detected by half of the nine methods in RDP4 were considered as significant (25-26), and 153 the results obtained by three programs -PHI test, RECCO and RDP4 -were not consistent, we 154 concluded that only limited HR occurred in sigB of Listeria s.s. 155
Positive selection and codon usage bias. Initial assessment showed that dN/dS ratios 156 were <1 across Listeria spp. and within species and lineages (Table 1) , indicating no evidence 157
for positive selection across all amino acid sites of sigB. However, even with an overall dN/dS 158 <1, specific amino acid sites may still be under positive selection. Subsequent ML approaches 159 that used the Likelihood Ratio Test (LRT) to compare (i) M1a (the nearly neutral model) and 160
M2a (the positive selection model), and (ii) M7 (the beta model) vs. M8 (the beta and ⍵ model) 161 both showed no significant differences (Table 3) . We therefore cannot reject the null hypothesis 162 of no positive selection in sigB, which further supports that sigB did not evolve under positive 163 selection in Listeria s.s.. 164 N c statistic (27-28) was calculated for each AT to measure synonymous codon usage bias 165 in sigB. N c can take values from 20, in the case of extreme bias where one codon is exclusively 166 used for each amino acid, to 61 when the use of alternative synonymous codons is equally likely. 167
The lowest N c value, 43.64, was detected in L. innocua AT 10; the values for most other ATs 168 (151/164) were higher than 45 (Table S1) L. marthii in both sigB and WGS phylogenetic tree (Fig. 1a, Fig. 2 ). However, L. monocytogenes 189 lineage IV isolates clustered with L. innocua in the phylogenetic tree based on sigB, with a high 190 bootstrap value of 85% (Fig. 1a) , while in a phylogram using core genome SNPs they clustered 191 with other L. monocytogenes lineages (Fig. 2) . We hence manually placed L. monocytogenes 192 lineage IV isolates with the other L. monocytogenes lineages in a phylogenetic tree file (Fig. S1)  193 and compared the maximum likelihood values obtained for the topology of this re-arranged tree 194 and the topology of optimal tree (Fig. S2 ) by running each, the Kishino-Hasegawa test (KH), thearranged tree (Table S2 , p<0.001), confirming that the optimal tree represents the true history of 198 evolution of sigB. In addition, to achieve higher resolution, another phylogenetic tree using sigB 199 was constructed for only L. monocytogenes lineage I, II and III isolates (Fig. 1b) which predicts a constant rate of molecular evolution for a given mutation rate and proportion of 253 neutral sites, is supported by the molecular clock hypothesis (22). In other words, under the 254 assumption that evolution of sigB in Listeria s.s. is largely driven by random chance, sigB should 255 follow the molecular clock unless its mutation rate and proportion of neutral sites is frequently 256 changing. The violation of a molecular clock indicated that evolutionary rate of sigB in Listeria 257 s.s. varied over evolutionary time and across clades, which does not meet the neutral theory 258 assumptions. The evolution of Listeria s.s. sigB evolution can therefore be more reasonably 259 explained by the nearly neutral theory (49-50). 260
The nearly neutral theory acknowledges (i) deleterious mutations, the fate of which is 261 determined by negative selection; (ii) neutral mutations, for which drift is the driving force and 262 (iii) nearly neutral mutations, which are governed by both selection and drift. According to the 263 nearly neutral theory, the rate of molecular evolution can vary with changes in mutation rate, and 264 balance between selection and drift, which is influenced by effective population size (22). monocytogenes lineage IV isolates fall into a well-supported monophyletic clade that is assigned 302 a lineage designation based on clustering with reference isolates. However, our analyses suggest 303 that sigB sequence data do not appear to be appropriate for phylogenetic inference, which is 304 more reliably achieved using core genomes SNPs-based phylogenies. 305
The incongruence of L. monocytogenes lineage IV placement in the sigB-based and 306
SNPs-based phylogenetic tree might result from tree topology bias, incomplete lineage sorting, 307 or HR. The possibility of tree topology bias was rejected according to the results of the three tree 308 topology maximum likelihood tests -KH, SH and AU tests. (Table S3) sigB AT sequences of these 164 representative isolates is available inwere downloaded from the NCBI database and used for phylogenetic analysis in this study. 359
Nineteen of these genomes were closed and two were drafts of high quality with high N50 value 360 (WGS accession numbers listed in Table S4 f The ratio of non-synonymous substitution per non-synonymous site to synonymous substitution per synonymous site; dN/dS was calculated based on the average of dN and dS obtained by pairwise comparisons of sequences using approximate methods. 
